Temperature effects on haemostasis in whole blood from ticagrelor-and aspirintreated patients with acute coronary syndrome.
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Introduction
Mild induced hypothermia (MIH) is indicated for comatose survivors of out-of-hospital cardiac arrest to improve neurological outcomes [1] [2] [3] . However, in a recent multicenter study (the Target Temperature Management trial) [4] of out-of-hospital cardiac arrest patients, a targeted temperature of 33C did not confer a benefit compared with a targeted temperature of 36C, somewhat challenging current guidelines.
Hypothermia is generally considered to reduce coagulation and platelet function. However, studies performed in animals, healthy volunteers, and MIH patients have shown conflicting results. Some studies show that mild hypothermia decreases haemostasis, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] whereas others show the opposite [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . The varying results may be explained by the many different methods used to study the different aspects of haemostasis. Commonly used methods to study the response to platelet inhibitors are multiple electrode aggregometry (MEA) [29] and flow cytometry [30] . A viscoelastic test, Sonoclot, has been shown to be superior to thromboelastographic methods for detecting inhibition of haemostasis in hypothermic animals using glass bead activation [14, 27] . Furthermore, separating the effects on platelet function from the effects on coagulation is necessary. Studies that focus on evaluating coagulation in general tend to show weakened coagulation ability, whereas studies evaluating platelet function in mild hypothermia are more likely to demonstrate the opposite .
Cardiac arrest patients often undergo emergency coronary inventions with stenting and receive dual antiplatelet therapy including aspirin (ASA) and a P2Y 12 antagonist before inducing hypothermia. Several studies have demonstrated decreased clopidogrel-generated platelet inhibition during mild hypothermia [20, [31] [32] [33] , and two investigations in patients treated with clopidogrel and ASA during MIH have reported a high incidence of stent thrombosis after percutaneous coronary intervention (PCI) [33, 34] . However, at many hospitals, clopidogrel has been replaced by ticagrelor because the latter drug shows better survival rates [35] , probably due to the stronger platelet inhibiting effect of ticagrelor [36] .
To our knowledge, only one previous investigation concerning pharmacodynamic changes with ASA during mild hypothermia has been reported, and this study showed that ASA does not augment hypothermia-induced platelet dysfunction [37] . Regarding ticagrelor and hypothermia, a recent study [38] demonstrated a high rate of ticagrelor non-responders among patients treated with MIH. However, this effect may be related to insufficient intestinal absorption of the orally administered drug in comatose survivors and not an effect of hypothermia [39, 40] . To exclude the impact of the possibility of poor intestinal absorption, we conducted an in vitro study on blood from stable acute coronary syndrome patients on dual platelet inhibition with ticagrelor and ASA and compared the results to blood from healthy volunteers. Whole blood was incubated at different temperatures before assessing haemostasis using several methods that measure different parameters of haemostasis: MEA, Sonoclot, and flow cytometry. The aim of this study was to investigate the effect of in vitroapplied hypo-and hyperthermia on ticagrelor-and ASA-mediated platelet inhibition.
Material and methods
The Regional Ethical Review Board (registration number 2010/482) approved this study.
Signed and informed consent was received from all patients and volunteers. Fifteen patients treated with a minimum of three doses of ASA and ticagrelor, excluding the loading doses, were recruited from the cardiac care unit at Skåne University Hospital, Lund, Sweden, September-October, 2013. Patients were considered to be in a steady-state of ticagrelor-and ASA-induced platelet inhibition. Healthy volunteers were included to evaluate how different incubation temperatures affect whole blood in the absence of ticagrelor and ASA. Healthy volunteers were non-smokers between 31 and 55 years of age who had not taken medications during the previous 14 days. Four women and four men were included.
Blood sampling
Venous blood was drawn from an antecubital vein using a vacutainer system (BD, Plymouth, UK). Blood samples for MEA and flow cytometry analyses were collected in 3.0-ml tubes containing recombinant hirudin (Dynabyte GmbH, Munich, Germany). Blood for Sonoclot analysis was collected in a 4.5-ml tube containing 0.109 M citrate (BD Vacutainer Systems).
Prior to all analyses, all sample tubes were incubated in water baths for 1 hour at temperatures that represent deep hypothermia (28C), mild hypothermia (33C), normothermia (37C), or hyperthermia (39C). Samples were incubated within 10 minutes of sampling. The temperatures in the water baths were controlled regularly during incubation and were maintained at ±0.2C.
Conventional hematological tests
(Platelet count, PT/INR, aPTT) analyses were performed at the accredited hospital laboratory.
Platelet count was measured using the Sysmex XE 5000 cell counter (Sysmex Corp., Kobe, Japan). The locally determined reference range for platelets is 165-387 x10 9 /L for adult women and 145-348 x10 9 /L for adult men. APTT was analyzed with an aPTT reagent from Actin FSL (Siemens Healthcare Diagnostics) Plasma fibrinogen concentration was measured using the Dade Thrombin reagent (Siemens Healthcare Diagnostics. CS-5100). The reference range for aPTT has been established locally to 26-33 seconds.
Sonoclot analysis
A Sonoclot Analyzer (Sienco Inc. Arvada, CO, USA) with a temperature-regulated heating or cooling plate was used to study viscoelastic coagulation changes. Before analysis, the citrated blood was recalcified in accordance with the manufacturer's specifications. All Sonoclot analyses were performed with the instrument set at the corresponding incubation temperature.
A glass bead test (Sienco® gbACT+ TM Kit), designed to initiate coagulation in a stable manner, was used. The Sonoclot measures the viscoelastic drag impedance that fibrin and platelets in a whole blood sample impose upon the oscillating Sono-probe. The time-based graph that is generated reflects the different steps in the clotting of the whole blood sample, 
d. The occurrence of fibrinolysis was determined by manual examination of the Sonoclot
Signatures [41] [42] [43] .
MEA
MEA was performed with Multiplate ® (Roche, Rotkreuz, Switzerland), which measures agonist-induced platelet aggregation. The extent of platelet aggregation is measured by resistance (impedance) changes between two electrodes and is depicted as a graph. The area under the curve (AUC) is the best measure of platelet function. The instrument was set at the corresponding incubation temperature. Test assays were performed in a five-channel heatregulated block in four sessions starting at 28C and then raising the temperature to 33C, 37C, and 39C. The instrument was allowed to rest 10 minutes after the target temperature was reached, allowing complete temperature calibration before the next session was started.
Activators used were: ADPtest (platelet aggregation in response to adenosine-5′-diphosphate, 6.5 μM), COLtest (platelet aggregation in response to collagen, 3.2 μg/ml), TRAPtest (platelet aggregation in response to thrombin receptor agonist peptide, 32 μM), and ASPItest (platelet aggregation in response to arachidonic acid, 0.5 mM). Test variability of the Multiplate instrument throughout the experiment was 2-8% between the two set of electrodes in each cuvette.
A previous study [21] has demonstrated an increased potency for ADP at 33C compared to normothermia. To further evaluate how different ADP concentrations affect ticagrelorinduced platelet inhibition at different temperatures, we created a dose-response curve for ADP-induced platelet aggregation and activation in blood from acute coronary syndrome patients, using ADP concentrations of 0.01, 0.1, 1.0, 6.5, and 10 μM in both MEA and flow cytometry analyses. These concentrations were tested in pilot experiments in which 10 μM ADP gave the maximum response. at all temperatures to ensure that no false representative activation from other cells besides platelets was detected by the flow cytometer. Values below 1% activation were considered accurate, and all assessments passed this criterion. Repeated measurements in our laboratory of the P-selectin expression using the same blood sample showed a variance of 2.5% (0 -6.9).
After temperature incubation, whole blood was added to pre-warmed phosphate-buffered saline (PBS) containing agonists and antibodies and incubated for another 20 minutes at specified temperatures. To stop platelet activation, 400 μl ice-cold 0.2% paraformaldehyde was added to each sample and incubated at 4C for 30-45 minutes to allow red blood cells to sediment. After settling of the red blood cells, 100 μl of the top layer was pipetted into a new tube containing 200 μl PBS and analysed with flow cytometry (Accuri C6, BD) within 2 hours after completion. Platelets were characterized according to CD41a expression as well as forward and side scatter properties. The platelet count for each test was set to 25,000.
Activation was expressed as a percentage of positive platelets. Test data were extracted using Cflow ® Plus software (BD).
Statistics
The primary endpoint of this study was the comparison of ticagrelor-and ASA-induced platelet inhibition between measurements of samples incubated at 33C versus 37C that were stimulated with ADP agonists in flow cytometry and MEA. When calculating sample size using data from previous studies [21, 26, 28] Variables were considered non-parametric (Gaussian distribution not assumed) and were summarized using the median with range (min-max) as distribution measurement. Results for 28, 33, and 39C samples were compared to results from the normothermic blood samples (37C) using the two-tailed Wilcoxon matched pairs signed test. To reduce the risk of a type I error due to multiple testing, P<0.017 was considered significant. This P-value was calculated in accordance with Bonferroni by dividing 0.05 by the number of different in vitro temperatures tested against normothermia for each variable, i.e., 3 (0.05/3 = 0.017). All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA).
Results
Demographics. Fifteen patients were studied along with the eight healthy volunteers. Baseline characteristics for the patients are shown in Table I . Fig 1b) . The Sonoclot Signature in healthy volunteers showed no signs of fibrinolysis.
MEA in patients with acute coronary syndrome and healthy volunteers.
In blood from patients, the ASPItest (AUC) was decreased at 28C (5 (0-22); P=0.002) compared to 37C (11 (1-34)), and the TRAPtest (AUC) was decreased at 28C (61 (29-98); P<0.001) compared to 37C (74 ). The other MEA assays, including the EC50 for the ADP concentration, were unchanged. Similar results were found in healthy volunteers (appendix and Fig. 2) .
Flow cytometry in patients with acute coronary syndrome. The platelet activation markers PAC-1 and CD62P were increased at 28 and 33C compared to 37C when samples were stimulated with ADP or ASPI. Samples stimulated with TRAP showed an increase in PAC-1 but not CD62P at 28 and 33C compared with 37C (appendix and Fig. 3a, 3c ). Doseresponse curves for ADP concentrations showed a significant leftward shift with a concordant decrease in EC50 for both PAC-1 and CD62P (appendix and Fig. 4a-b ).
Flow cytometry in healthy volunteers. PAC-1 was not changed. CD62P was increased at 28C
and decreased at 39C compared to 37C in samples stimulated with ADP but not with TRAP or ASPI (appendix and Fig. 3b, 3d ).
Discussion
Mild induced hypothermia, in conjunction with potent platelet-inhibiting drugs, is used to treat comatose survivors after cardiac arrest [1] [2] [3] [4] . In previous studies, using clopidogrel and aspirin, mild induced hypothermia was associated with increased incidence of stent thrombosis [33, 34] . In this investigation, using blood from patients with acute coronary syndrome treated with ticagrelor and ASA as well as healthy unmedicated volunteers, we have analysed the role of in vitro-applied hypothermia on haemostasis by several different methods.
Using flow cytometry, in vitro hypothermic conditions were found to markedly increase ADP-TRAP-and ASPI-mediated platelet activation in blood from patients on ticagrelor and ASA, consistent with previous reports on patients treated with clopidogrel [20, 21] . The flow cytometry-derived data on increased platelet reactivity during hypothermia found by us and others could explain the previously observed increased risk of stent thrombosis during therapeutic hypothermia [33, 34] .
Although in vitro-applied hypothermia increased platelet reactivity as determined by flow cytometry, other measures of haemostasis, including viscoelasticity, were impaired. Ganter and Hofer [41] have described that by using a glass bead test and the calculated parameter platelet function (PF), Sonoclot has increased the possibility to detect decreased coagulation ability and inhibited platelet function. We observed that hypothermia prolonged the time until clot initiation (Sonoclot ACT), and decreased clot amplification and propagation (Sonoclot CR) as well as decreased clot retraction (Sonoclot PF). This hypocoagulative impact of hypothermia on initial coagulation has previously been shown with thromboelastometry [12, 15] .
For the Multiplate aggregometry analyses no significant effects on temperature were seen in patients and volunteers with ADP or collagen. However, at 28C, but not at 33C, decreased aggregation was seen in samples stimulated by TRAP and arachidonic acid. This is in agreement with Ortmann et al. [44] who described hypothermia below 32C to decrease TRAP-induced platelet aggregation. On the other hand, in a previous in vitro study with citrated whole blood from healthy volunteers, Scharbert et al. [25] showed increased aggregation in response to ADP, collagen and TRAP at temperatures ranging between 30 and
34C.
In all, results from the flow cytometry analyses indicated that in vitro-applied hypothermia induced increased platelet activation. On the other hand, the Sonoclot results indicated decreased coagulation, clot structure, and platelet-dependent clot retraction. The explanation for this discrepancy may be related to the fact that Sonoclot and thromboelastography fail to detect changes in platelet activation, whereas flow cytometry is designed to do this. The powerful platelet inhibition, exerted by ASA and P2Y 12 blockade, not detectable by Sonoclot, is probably more important for prevention of coronary reocclusion than the delayed ACT, decreased CR, and PF as measured with Sonoclot [45, 46] .
We acknowledge the inherent limitations of this investigation due to its in vitro design.
Several parameters may be affected by temperature regulation in vivo that are not demonstrable when temperature is regulated in vitro. Furthermore, our test systems have no natural flow, and the blood is stagnant. Many platelet receptors depend on higher flow as in arterioles for activation [46] . New automated flow chamber microchip technics are currently introduced in clinical research.
Our results demonstrate that even in patients treated with ASA and ticagrelor, hypothermia may induce increased platelet reactivity. Even though ticagrelor was unable to fully inhibit the hypothermia-mediated increased platelet reactivity, the ADP inhibitory effects of ticagrelor were markedly better than those of clopidogrel in previous studies [21, [31] [32] [33] 
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